INTRODUCTION
reliability [22] [23] and a computer-intensive parametric bootstrap analyses were then used to contrast the three groups' performances [24] .
If the previously noted inconsistences in prosaccade outcomes are due largely to pathophysiological heterogeneity, then the results of the standard analysis of automatically coded prosaccades and those of the bootstrapped manually coded saccades should be similar and concur with the most consistent extant literature outcome: longer latencies for Alzheimer's disease patients relative to controls. Alternatively, if technical and statistical issues need to be considered to understand outcome discrepancies, then differences in the results of the two approaches should emerge. Indeed, Alzheimer's disease patients' anatomical inhibitory impairments should translate to faster prosaccade latencies than control groups. More anticipations, but an absence of mean latency differences [17] or slower prosaccade latencies [11] were observed, and apparently, faster prosaccade latencies for Alzheimer's disease patients, relative to controls has not been reported. We hypothesize that this may be due at least in part to technical and statistical issues.
MATERIALS AND METHODS
This was a multicenter (memory clinics of the university hospitals of Bordeaux, Lyon, and Marseille, France) pathophysiological case-control transversal study involving three groups of subjects: aMCI patients fulfilling research criteria for prodromal Alzheimer's disease [25] , mild Alzheimer's disease, and controls, age-matched with aMCI. The study was coordinated and promoted by the university hospital of Bordeaux, funded by the French Health Ministry (PHRC#CHUBX 2011/22), approved by the Bordeaux ethical committee (#2011/105) and registered under ClinicalTrials.gov number NCT01630525.
Participants
The study was initially designed to enroll 90 participants, 30 per study group (aMCI, Alzheimer's disease, and controls) and per investigating center. Participants were recruited while seeking medical advice for a memory complaint and subsequently diagnosed as aMCI or were diagnosed and followed as mild Alzheimer's disease according to recent research criteria [25, 26] . The neuropsychological work-up as well as diagnosis using brain magnetic resonance imaging and cerebrospinal fluid biomarkers were routinely performed for diagnosis purposes in all three centers. Control participants were aMCI and Alzheimer's disease cognitively intact family members and relatives. The study recruitment period was two years.
All participants were at least 60 years old, had clinically assessed normal or corrected to normal binocular visual acuity (Parinaud's French vision scale measuring reading capacities and equivalent to the Jaeger scale), and no clinically assessed oculomotor deficits. Participants with severe depression were excluded. Severe depression was clinically ruled-out by the investigator on the basis of history, current diagnosis, current treatment, depressive symptoms based on the Geriatric Depression Scale (GDS, a score > 10 indicates a risk of depression), and clinical appreciation.
Inclusion criteria for aMCI patients were derived from prodromal Alzheimer's disease research criteria [25, 26] and include: memory complaints, progressive onset (>6 months), normal or slight restriction at the Lawton's instrumental activity of daily living [27] , an "hippocampal-type" amnestic syndrome defined by poor free recall despite adequate (and controlled) encoding, decreased total recall because of insufficient effect of cuing or impaired recognition, numerous intrusions at the Free and Cued Selective Reminding test (FCSRT), persistence of memory changes at a subsequent assessment (>3 months), a Mini-Mental State Examination (MMSE) >24, exclusion of other disorders that may cause MCI with adequate tests, a routinely performed 1.5 Tesla diagnosis brain magnetic resonance imaging showing absent or slight medio-temporal/hippocampal atrophy (score <2) [28] and if available (not mandatory) characteristic cerebrospinal fluid Aβ42 tau ratio.
Inclusion criteria for mild Alzheimer's disease were based on NINDS-ADRDA diagnosis criteria, revised [25] and with a MMSE >20. Controls had to have a MMSE score >24 and no memory or any other significant cognitive complaints (by self-declaration and investigator interview) or any significant abnormalities at inclusion on neuropsychology testing suggestive of an unknown cognitive deficit.
Neuropsychological tests battery
The study adopted the battery that was used routinely for the exploration of a memory complaint in the French nationwide MEMENTO cohort [29] and for the diagnosis of Alzheimer's disease by the three centers and included: MMSE, FCSRT, a visual recognition memory test (DMS-48), phonemic verbal fluency (employing the letter P), Trail Making Test-A (speed of information processing, visual attention) and B (working memory and flexibility), Digit Symbol Test (psychomotor speed, visual scanning, attention, flexibility, working memory) from the Adult Intelligence Scale (Wechsler codes), the Clinical Dementia Rating Scale, language production (oral denomination 80 items), and the digit span (forward and backwards, immediate recall, auditory attention, working memory) also from the Adult Intelligence Scale (references available in [29] ). The test battery was completed by an evaluation of Katz's activities of daily living [ADL; 30] and Lawton's instrumental ADL and of depressive symptoms by the GDS [31] .
Saccade recording
The study was performed using an eye movement recording system (EyeBRAIN® tracker now distributed by SURICOG company, 21 inch screen with 1920 X 1080 pixel resolution) and an off-line automated analysis of eye movements (EyeBRAIN® software meyeParadigm and meyeAnalysis version 1.18.1) that allowed automated recording (binocular mode, eye position sampled at 300 Hz, spatial precision of 0.5°) and analysis of different parameters of pro-saccades tasks (horizontal gap and vertical step): mean latency, mean speed, and gain; and for the antisaccade task: mean latency (correct saccades) and percentage of errors (wrong direction).
The participants were seated in a dark room wearing a helmet mounted camera and facing a screen located 60 cm in front of their eyes with their chin and their forehead placed against a chinrest support. Each recording session started with a brief training/calibration test in which the subjects looked at nine consecutive targets covering the entire visual field. The recording sessions were 20 min and used a fixed task sequence: horizontal (gap condition) then vertical (step condition) stimulus elicited pro-saccades, then the anti-saccade task (gap condition). The task event timing was modeled after [32] , except the 1200 ms stimulus presentation range for the stimulus elicited and anti-saccade tasks was delayed by 700 ms and 1.3 s, respectively. Each task presented one block of 12 trials, each trial ending when the central fixation point returned. Performance on each task was recorded twice, using a separate fixed but randomly derived trial sequence each time, for a total of 24 trials that measured saccade latency (ms), speed (°/ms), and gain.
Horizontal stimulus elicited pro-saccades (gap condition)
A green central fixation square was presented with durations ranging from 2400 to 3600 ms, then disappeared for 200 ms (black screen), then a white target was presented ± 20° horizontally (right or left) in a random manner for 1000 ms. The participants were instructed to look as precisely and as fast as possible at the horizontal target and then back to the fixation point after disappearance of the target.
Vertical stimulus elicited pro-saccades (step condition)
A green central fixation point was presented with durations ranging from 2400 to 3600 ms, immediately followed by a white target presented for 1000 ms at ± 12 degrees vertically (up or down) in a random manner. The participants were instructed to look as precisely and as fast as possible at the vertical target and then back to the fixation point after the target disappeared.
Anti-saccades (gap condition)
Each trial in the anti-saccade task began with the presentation of a green center-screen fixation point for 3000 ms to 5500 ms, then 200 ms after its extinction (dark screen), a white target randomly appeared horizontally at ± 20° laterally (left or right) from center for 1000 ms. The participants were instructed to look in the direction opposite to the lateral target as fast as possible but told they could correct direction errors.
Data analysis and statistics
A two-step data coding and statistical analysis procedure was used to investigate a hypothesis that insensitivity in data coding and statistical practices are a potential source for inconsistent saccade study outcomes in the ocular-motor literature on Alzheimer's disease.
The first analysis was modeled after established practices in the ocular-motor literature. Saccade parameters were identified automatically using a computer algorithm. Exceeding the threshold for automated saccade detection required an amplitude and speed greater 2° and 30°/s respectively. Average eye-movement parameters were computed for each participant, and statistical contrasts were conducted on the participant's averaged parameters using t-tests and regression/ANOVA (or non-parametric equivalents), thus assuming a Gaussian statistical model. The second analysis emphasized sensitivity to legitimate group differences. Increased sensitivity was achieved by manually checking the auto-coded data to correct coding errors [22] . A lognormal statistical model was adopted for the participant's raw latency distributions. Eyemovement latency distributions are positively skewed and better approximated by a lognormal, rather than a conventional Gaussian statistical model [34, 35] . The participant's individual latencies were combined into omnibus distributions as a function of group membership, and contrasts were completed using a lognormal bootstrap procedure [24, [36] [37] [38] . This approach preserved intrinsic within-and between-group variability that is otherwise lost when computing the subject-means needed for conventional t-tests.
Automated data coding procedures
An initial data set was generated that used the default automated EyeBrain® Inc. software settings to extract the trial-level observations used for horizontal gap and vertical step, and antisaccade tasks. The software computed a measure of latency, average speed, and gain for each coded saccade. Gain is defined as the ratio between the actual saccade amplitude and the amplitude required to capture the target. The automated analysis classified saccades as correct, erroneous, or missing. Saccade parameters were obtained only for correct saccades. To automatically calculate the error percentages, every situation in which the subject didn't look at the target (missing saccade) or in which the subject initiated the saccade before the target appeared was excluded; only direction errors for valid saccades were used. Self-corrected antisaccades were not automatically recognized and coded.
Manual data coding procedures
Every participant's raw left and right eye-movement time-series was visually examined for measurement artifacts. The trace that expressed the fewest measurement artifacts was selected for analysis. Then each sequence of auto-coded saccades derived from the trace was verified manually. Saccades were deleted, added, or adjusted in cases where the automated analysis inserted false saccades, omitted true saccades, or inaccurately parsed saccade boundaries. Saccades that included a single glissade (momentary pause) were coded to include it. Notably, the manual analysis only adjusted saccade onsets and offsets, where necessary. The manual latencies were generated by recomputing each trace visually verified saccade onsets, as the interval between signal onset and the beginning of directed eye-movements. The manual analysis was limited to latencies because post-fixation saccade onsets are the simplest trace properties to judge reliably by means of a visual assessment. In addition, aside from errors, latencies are the most widely reported saccade parameter in the ocular-motor literature relating to neurodegeneration. Self-corrected anti-saccades were coded manually as a subset of correct antisaccade trials for the manual analysis. The latencies of self-corrected saccades were typically longer, as their onsets were fixed at the point the saccade trajectory switched to the correct direction. By contrast, the automated analysis coded self-corrected saccades as errors. Express and anticipated saccade counts were derived from the manual analysis. Anticipated saccades are any saccade with a latency of less than 80 ms. Express saccades are any saccade with a latency equal or greater than 80ms but less than or equal to 130 ms. Percentages within each condition were computed as the portion all saccades with latencies of 130 ms or less that fell within the range of either the anticipated or express classification.
Pre-study power analyses
The sample size was calculated according to estimates found in a literature review. For sample size calculation, the most discriminative variable between Alzheimer's disease and controls chosen was the percentage of errors at the anti-saccade task [32] . The hypotheses were an expected percentage of errors in the anti-saccade task at 60% (SD = 30%) in the aMCI group and at 25% (SD = 38%) in the control group. Under these assumptions, with a type 1 error rate of 5% and a power of 80%, at least 20 subjects per group needed to be included (Nquery® software). To maintain a high power in the comparison for the other saccade parameters, sample size was enlarged to 30 subjects per group, for a total of 90 subjects.
Conventional statistical analyses
All the variables were described using means (SD) for quantitative or frequency (percentage) for qualitative measures. The primary objective was a sequential contrast of saccade execution parameters: step one contrasted the control and aMCI groups, step two contrasted the aMCI and Alzheimer's disease groups. Between groups comparisons of the saccade parameters used a Student test or a non-parametric Wilcoxon test if the normal distribution was not verified. For qualitative variables, groups were compared by using a Chi-Square (c 2 ) test of a Fischer exact test when the c 2 test condition was not met. The correlation between the anti-saccades error percentages and mean neuropsychological test battery was estimated with the Pearson or Spearman (if normality was violated) correlation coefficient adjusted on age and clinic site. Confidence intervals (95%) were calculated empirically by using a re-sampling method. All the conventional statistical analyses were implemented with SAS® software (SAS Institute®, Cary, US. version 9.3).
Parametric bootstrap (resampling) analyses
Bootstrapping is a computer-based data resampling technique. For the manually coded latencies, parametric bootstrapping supported statistical contrasts, using a lognormal statistical model indicated by maximum likelihood fits. Lognormal bootstrapping began by first drawing a random sample of observations from an empirical latency distribution. This sample was the same size as the empirical distribution from which it was dawn and was drawn with replacement. Next, the lognormal mean (MU) and standard deviation (Sigma) were computed and retained in a bootstrap distribution. The resampling was repeated 300 times for all the statistical tests. Formally, the resulting bootstrap distribution is a standard-error distribution for the statistic of interest, given the sampled population [39] . Z-tests, computed from the bootstrapped lognormal parameter distributions of each patient group, were used to conduct statistical contrasts [40] . All the statistical bootstrap analyses were completed using MATLAB® (version R2016a) software.
RESULTS

Population at study
During the inclusion period 83 subjects out of the 90 planned were enrolled and available for analysis: 29 out of 30 in the aMCI group, 1 excluded patient was suffering from non-amnestic mild cognitive impairment; 23 out of 25 in the mild Alzheimer's disease group, one was excluded due to consent withdrawal and one because of dementia severity; 27 out of 28 for controls, one was excluded due to consent withdrawal. Fourteen out of 29 aMCI patients had a cerebrospinal fluid study before inclusion (48%), all demonstrated a characteristic cerebrospinal fluid Aβ42 tau profile (IATI-Innotest Amyloid Tau Index < 0.8, in favor of an AD diagnosis, one patient had 0.8).
Demographic and clinical characteristics of enrolled subjects are displayed in Table 1 . It shows no clinically significant demographic differences between groups. Nineteen of 23 mild Alzheimer's disease and four out of 29 aMCI patients took anti-cholinesterasic drugs. The mild AD patients reported significantly more neuropsychiatric prescriptions than the aMCI group c 2 (1), = 7.7, p = 0.021. The control group had less frequent neuropsychiatric conditions, benzodiazepine, or antidepressant drug use.
Neuropsychologic testing results are displayed in Table 2 . The aMCI group had a mean MMSE score at 26.4 ± 1.8 significantly lower than controls (28.1 ± 1.6, r 2 = 0.20, p < 0.001), but higher than mild Alzheimer's disease (23.3 ± 2.6, r 2 = 0.57, p < 0.001), but with preserved instrumental activities of daily living. All cognitive dimensions: visual naming, episodic verbal memory, working memory and executive functions, verbal fluency, language production, visual naming and visuo-spatial functions, were significantly altered in aMCI compared to controls (with the exception of processing speed as assessed by the trail making test-A). aMCI patients had similar performances with those patients with mild Alzheimer's disease on memory tests. aMCI patients displayed significantly more depressive symptoms than controls.
Saccade execution results
Stimulus elicited pro-saccades
Horizontal (gap) saccades (Fig. 1A-C) : Conventional analyses of the auto-coded horizontal saccades failed to reveal mean latency or velocity differences among the aMCI and controls and aMCI and mild Alzheimer's disease groups. However, there was a significantly lower average gain for aMCI compared to controls (mean ratio = 0.88 ± 0.06 versus 0.92 ± 0.07, r 2 = 0.08, p = 0.03). The percentage of correct saccades was 95.8% ± 7% for aMCI patients, significantly lower than in the control group (98.8% ± 3.5%, r 2 = 0.10, p = 0.02), but not significantly different from mild Alzheimer's disease (98.5% ± 2.8%, p = 0.12).
The mild Alzheimer's disease patients committed significantly more anticipated saccades than the controls or aMCI groups: controls versus mild Alzheimer's disease c 2 (1) = 7.77, r 2 = 0.20, p = 0.005; aMCI versus mild Alzheimer's disease c 2 (1) = 7.46, r 2 = 0.21, p = 0.006. The anticipated saccade rates were controls = 14.85%, aMCI = 14.81% and mild Alzheimer's disease = 32.58% of the 271 total early (<80 ms) manually coded saccades. There were no reliable express saccade (>80 & <130 ms) differences among the groups (controls = 85.56%, aMCI = 86.11%, mild Alzheimer's disease = 69.41%).
The bootstrap analyses of the manually coded latency distributions for correct manually coded horizontal saccades contributed 634, 521, and 621 individual latencies to the bootstrapping analyses from the aMCI, mild Alzheimer's disease, and control groups, respectively. Contrasts revealed reliable differences between the aMCI group and the other two groups ( Fig. 2A-D) . The mild Alzheimer's disease group was slightly faster than both the controls (Z = 2.13, p = 0.03) and the aMCI groups (Z = 3.49, p < 0.001; mild Alzheimer's disease MU = 196.18 ms, controls MU = 206.35, aMCI MU = 216.97 ms). Furthermore, the average Sigma for the aMCI group was slightly larger than either the mild Alzheimer's disease or control groups, Z = 2.39, p = 0.017 and Z = 2.27, p = 0.02, respectively (aMCI Sigma = 87.01 ms, mild Alzheimer's disease Sigma = 67.50 ms, and controls Sigma = 73.20 ms). Thus, the aMCI horizontal latencies were both slightly slower and more variable than either the controls or mild Alzheimer's disease groups.
Vertical (step) saccades (Fig. 1D-F) : Conventional analyses indicated the number of correct auto-coded vertical step saccades was 99.5% ± 7% for aMCI patients, similar to controls (99.5% ± 1.9%, p = 0.98) but significantly higher than in the mild Alzheimer's disease group (98.3% ± 2.3%, r 2 = 0.09, p = 0.04). Otherwise, conventional analysis of the automatically coded data did not reveal statistically reliable differences among either the aMCI and controls or the aMCI and mild Alzheimer's disease execution parameters. There were no group differences in anticipated or express saccades.
The bootstrap analyses of the manually coded latency distributions for correct manually coded vertical step saccades contributed 625, 502, and 585 observations to the bootstrap analysis for the aMCI, mild Alzheimer's disease, and control groups, respectively (Fig. 2E-H) . The aMCI group was significantly slower than controls, Z = 2.68, p = 0.007, aMCI MU = 288.24 ms (Sigma = 70.31 ms), controls MU = 275.86 ms (Sigma = 61.14 ms). Likewise, aMCI was significantly slower than the AD group, Z = 4.35, p < 0.001, mild Alzheimer's disease MU = 269.04 ms, (Sigma = 59.88 ms). Overall, the aMCI group was slower than either the controls or mild Alzheimer's disease groups, which themselves were not significantly different from each other.
Anti-saccades (gap condition)
Auto-coded anti-saccades latencies and errors (Fig. 3A) : Conventional analyses indicated the aMCI group produced a significantly larger proportion of errors compared to controls (46.9 ± 25.9% versus 24.3 ± 19.8%, r 2 = 0.20, p < 0.001), the proportion of errors was also larger in mild Alzheimer's disease but not statistically different from aMCI (56.8 ± 27%, p = 0.18). Thus, the percent of anti-saccade errors in aMCI fell between control and mild Alzheimer's disease values. The latency of correct saccades was significantly longer in the aMCI group (295 ms ±121.4 ms) compared to mild Alzheimer's disease (227.4 ms ±93.8 ms, r 2 = .09, p = 0.03) but not compared to controls (261.2 ms, ±96 ms, p = 0.26). Notably, self-corrected latencies coded as errors were excluded from analyses of the automatically coded data.
Manually coded anti-saccade errors (Fig. 3B): A conventional mixed 3X2 ANOVA on the manually coded data, crossing patient group with trial block on error counts mirrored the basic controls versus aMCI and mild Alzheimer's disease patient grouping that was revealed by the automatically coded errors. There was a reliable condition effect, F(2,74) = 5.51, r 2 = 0.13, p = 0.006. As percentages, the mean error rates were: controls = 3.54% aMCI = 17.20%, mild Alzheimer's disease = 17.63%, respectively. Post-hoc analyses were conducted determine the basis of the reliable differences indicated by the omnibus ANOVA. Two potential accounts of the patterns of differences were compared. The first implemented a hypothesis that the two patient groups committed more errors than controls, F(1,74) = 5.65, r 2 = 0.071, p = 0.02. The second potential pattern of differences was a linear trend of increasing error rates tracking the increasing cognitive impairment levels built into the study (i.e., controls < aMCI < Alzheimer's disease), F(1,74) = 4.21, r 2 = 0.054, p = 0.04. Thus, for simple anti-saccade errors, the patient-control distinction described the groups differences slightly better than a linearly increasing trend of impairment levels. Notably, these error percentages are lower than the auto-coded rates because they exclude self-corrects.
Anti-saccade self-corrections (Fig. 3C, D) : A conventional 3X2 mixed ANOVA on the selfcorrected anti-saccade counts reliably distinguished the mild Alzheimer's disease patient group from both other groups. The main effect of condition was reliable, F(2,73) = 5.92, r 2 = 0.14, p = 0.004, controls M = 24%, aMCI M = 30.8%, and mild Alzheimer's disease M = 43.3%, and a reliable main effect of block F(1, 73) = 6.42, r 2 = 0.08, p = 0.01, block 1 M = 36.02%, block 2 M = 29.38%. Again, two potential accounts of the differences were compared. The first implemented a hypothesis that the two patient groups committed more self-corrects than controls, F(1,73) = 3.59, r 2 = 0.047, p = 0.06. The second potential pattern of differences was a linear trend of increasing self-correct rates tracking the increasing cognitive impairment levels built into the study (i.e., controls < aMCI < Alzheimer's disease), F(1,73) = 5.95, r 2 = 0.075, p = 0.02. By contrast to the analysis of simple anti-saccade errors, the anti-saccade self-correction rates reliably tracked the linearly increasing trend of impairment levels built into the study's design.
Anti-saccade latencies (Fig. 2I-L) : Bootstrap analyses of the manually coded latencies (including self-corrected latencies as valid observations) revealed the mild Alzheimer's disease group was significantly slower than controls, Z = 2.36, p = 0.02 (mild Alzheimer's disease = 385.64 ms, controls = 356.52 ms). The mild Alzheimer's disease group took longer than controls to organize and execute accurate anti-saccade eye-movements. The same test, contrasting the aMCI with the control group, and the mild Alzheimer's disease with aMCI group both failed to reveal reliable differences (aMCI = 375.11 ms).
Bootstrap contrasts on the lognormal standard deviation parameter (Sigma), indicated that the latencies of both the mild Alzheimer's disease and aMCI groups were more variable than the control group, Z = 2.49, p = 0.01, Z = 3.00, p < 0.001, (mild Alzheimer's disease Sigma = 144.81 ms, controls Sigma = 118.10 ms, aMCI Sigma = 149.41 ms). The average Sigma for the mild Alzheimer's disease and aMCI groups were not reliably different. There were no significant differences in anticipated and express saccades frequencies across groups.
Finally, a bootstrap Z-test on the manually coded error latencies indicated the aMCI group's errors were significantly slower than mild Alzheimer's disease, Z = 3.22, p < 0.001, aMCI = 358 ms, mild Alzheimer's disease = 279 ms, controls = 420 ms). A bootstrap Z-test indicated a reliable difference between the mild Alzheimer's disease and controls (Z = 2.64, p = 0.008). Mild Alzheimer's disease and aMCI contributed 97 and 121 errors, respectively. However, controls committed only 21 errors, which increased statistical uncertainty for this group. Taken at face value, the error latencies suggest a rank ordering with mild Alzheimer's disease as fastest, followed by aMCI, and then the control group as slowest.
Correlations of saccades' execution with psychometric variables
Because the error rate for the anti-saccade task was the primary study variable and the only parameter that consistently distinguished aMCI from controls it was used for exploratory correlations with the psychometric test battery results, displayed in Table 3 . Inverse correlations between the proportion of errors for the anti-saccade and psychometric values were weak to moderate in strength (r(S) 2 = 0.07 to 0.30). At the level of the entire study population, most significant inverse correlations were found with: (1) MMSE, (2) executive functions: time at the Trail Making Test-B, global score at the DSST, verbal fluency and similitudes at the Wechsler Adult Intelligence Scale; and (3) with memory (digit span, FCSRT, DMS-48). Regarding the aMCI population a significant moderate inverse correlation was found with the MMSE, and verbal fluency, but the numbers were small. There was a weak positive correlation (r(S) 2 = 0.08, p = 0.01) between the GDS score and anti-saccades errors that came from the control group only (r(S) 2 = 0.17, p = 0.05), no significant correlation was found in the aMCI or mild Alzheimer's disease groups taken alone.
DISCUSSION
The present multicenter study explored how easy-to-use commercial automated videotracking systems and software can detect saccades execution abnormalities in Alzheimer's disease by comparing carefully selected aMCI patients fulfilling diagnosis criteria for prodromal Alzheimer's disease, mild Alzheimer's disease, and age-matched controls. Only three recent studies explored saccade execution in MCI (totaling 54 aMCI and 36 non-specified MCI) [15] [16] [17] , all using eye movement data analysis offline [16, 17] or electro-oculography recordings [15] , which are more time-consuming in a clinical setting. To challenge the accuracy of results observed and to better compare them to the current literature, as well as to further explore their nature, we also performed an offline data analysis to maximize the sensitivity to group differences by manual verification and adjustment of auto-coded saccades [22, 23] and a computer-intensive parametric bootstrap analysis [37] .
Our main result is that the anti-saccade task revealed inhibitory impairments in aMCI patients that can be captured by an automated system. In our study, aMCI group committed a significantly higher proportion of errors compared to controls, but comparable to the mild Alzheimer's disease group. This result corroborates outcomes reported by Alichniewicz et al. [15] and Peltsh et al. [17] which used different aMCI diagnosis criteria and offline analysis or electro-oculography. However, it is in contrast to the Heuer et al. [16] study, performed in uncharacterized mild cognitive impairment patients, in which only the Alzheimer's disease group showed an increased error rate. As found by Alichniewicz et al. [15] and Peltsh et al. [17] in their aMCI patients, an increased latency of voluntary correct anti-saccades was also captured by the automated system, but in contrast to their studies, it was only significantly different compared to mild Alzheimer's disease but not to controls.
By contrast the automated coding and conventional statistics performed marginally in the context of the horizontal (gap) and vertical (step) saccade paradigms. They did not reliably distinguish aMCI from controls, with the sole exception of lower average gain (horizontal gap condition) compared to controls. A lower average gain was previously reported in mild Alzheimer's disease studies [8, 10] . Lower gain/accuracy may be due to the degenerative process affecting parieto-occipital lobes and subcortical structures [39] . The mismatch between the latency distribution's intrinsic lognormal behavior, and Gaussian statistical assumptions underpinning conventional analyses likely yielded low statistical power, explaining the lack of significance found in the mild Alzheimer's disease group. A Gaussian model assumes only location (mean) changes are associated with condition differences. However, the mean and variability of a lognormal are positively correlated. The heightened variability of the lognormal tends to undermine several conventional statistical practices. Outlier censoring criteria, derived from a Gaussian model, tend to eliminate the longer latencies expected by the lognormal. The increased variability yields more heterogeneity in mean subject latencies, and a loss of power. Thus, more participants are needed to reveal reliable differences with conventional analyses. Alternatively, the lognormal bootstrap was designed to accommodate the observed performance variability, allowing for more accurate and sensitive inferential tests.
In addition to auto-coded saccades, offline manually coded pro-and anti-saccades and conventional statistical analysis demonstrated two further characteristics. Firstly, off-line manually coded saccade demonstrated significantly increased anticipatory saccade rates in the Alzheimer's disease group alone and in the horizontal gap condition alone, that was twice that found in aMCI and controls (33% versus 15%, p < 0.006). This outcome is consistent with a lack of inhibition of saccades in mild Alzheimer's disease that is sensitized by the gap paradigm [39, 40] . Secondly, conventional post-hoc statistical analysis of manually coded error rates at antisaccades revealed that the mild Alzheimer's disease group had a reliably larger self-corrected error-rate than aMCI and controls, but self-correction was not significantly impaired in the aMCI group compared to controls. Increased self-correction rates were demonstrated in previous Alzheimer's disease studies and are somewhat correlated with the MMSE and working memory scores [3, 6, 7, 11, 42] .
If a more sensitive lognormal bootstrap analysis is applied on the manually coded prosaccades data it reveals faster performances (smaller latencies) in the mild Alzheimer's disease group. In addition, with an increased rate of express and anticipatory saccades, this result is consistent with more impairment in tonic inhibitory function in mild Alzheimer's disease than in individuals with aMCI or controls. This result is in contrast to some reports of slower latencies found in the literature. The increased skew intrinsic to the lognormal latency distributions offers a potential explanation for the discrepancy. We speculate that, in addition to some faster latencies, patient-condition subjects may produce a portion of longer latencies, slowing conventionally computed condition means more than the lognormal MU. At the anti-saccade task, the bootstrap analyses of correct saccade latencies, which also included self-corrected latencies as valid observations, revealed that the mild Alzheimer's disease group took longer than controls to organize and execute accurate anti-saccade eye-movements. Regarding the errors' latency distributions, the mild Alzheimer's disease group was the fastest, followed by aMCI patients, and the control subjects the slowest.
Overall, automated coding and conventional statistics captures lack of inhibition in the aMCI and mild Alzheimer's disease group at the anti-saccade task, but only offline manual coding and more sensitive lognormal bootstrap analyses of pro-saccades could reveal abnormalities consistent with impairment of inhibition in the mild Alzheimer's disease group. This may explain some inconsistencies found in the literature on pro-saccades execution parameters in Alzheimer's disease.
At the level of the whole study population, we found significant but weak to moderate inverse correlations in between the auto-coded anti-saccade errors and the MMSE, some test exploring executive function (time Trail Making Test-B, global score at the DSST, verbal fluency and similitudes) or memory (digit span, FCSRT, DMS-48). If the smaller sample of the aMCI group is taken alone, only significant correlations were found with the MMSE and verbal fluency. Similar patterns of correlation were reported in several studies in mild Alzheimer's disease or aMCI [12] . This suggests an association between anti-saccade inhibitory impairment, global cognitive functions, and early executive impairment in aMCI. Perhaps stronger correlations with executive function and inhibition alterations would have emerged by using the Stroop test as reported in Alichniewicz et al. [15] and Peltsh et al. [17] . Unfortunately, this test was not commonly used in the psychometric test battery of the three investigating centers.
The present study relied on aMCI patients with a reduced clinical heterogeneity, as they all fulfilled the research criteria for prodromal Alzheimer's disease and almost half displayed characteristic cerebrospinal fluid. Assuming that our population is representative of prodromal Alzheimer's disease or at high risk of converting to Alzheimer's disease [44] , results were consistent with a continuum of increased severity from preclinical to mild Alzheimer's disease of an impaired inhibition then impaired correct voluntary saccade initiation. Patients with aMCI displayed increased error rates for the anti-saccade task with relatively preserved self-correction while mild Alzheimer's disease patient presented more errors in the anti-saccade task with impaired self-correction, more anticipatory stimulus elicited saccades in the horizontal gap condition and slower correct and self-corrected anti-saccades.
Saccade execution alterations appears to parallel that of cognitive deficits, particularly that of global cognitive and executive functions [15] as well as functional changes preceding anatomical disease-related changes in key frontal structures such as the dorsolateral prefrontal cortex, the frontal eye field, and the supplementary eye field, as demonstrated and discussed by Peltsh et al. [17] . We however acknowledge that while carefully selected based on a persistent "hippocampaltype" amnestic syndrome, normal brain magnetic resonance imaging or the expression of slight medio-temporal/hippocampal atrophy, and a compatible cerebrospinal fluid Aβ42/tau profile for whom it was assessed (50%), some aMCI clinical heterogeneity, may have persisted in our population, and that the concept of prodromal or preclinical Alzheimer's disease still debated [43] . A limitation of our study may also stem from the lack of power due to the relatively low number of aMCI patients. Depression may have also influenced eye movement performances as aMCI and mild Alzheimer's disease patients tended to have more depressive symptoms, but there were no statistically significant correlations between the GDS score and the rate of errors at antisaccades, and none of the patients included had ongoing severe depression. A possible influence of psychotropic drugs on eye movement in aMCI and mild Alzheimer's disease patients may have occurred but could not be specifically investigated due to low numbers.
Conclusion
According to our results, although improvements in coding correct/corrected/incorrect and in express saccades detection are needed, the automated system could detect impairments early in presumed prodromal patients. The system used in this case is very similar to other available automated systems. Nevertheless, it remains to be determined if this conclusion may be applicable to all commercially available systems. Our study also strengthened the hypothesis that prodromal impairment of the inhibition of stimulus elicited saccades in Alzheimer's disease. Such changes are consistent with that of executive functions observed early in the disease process that may also contribute to conversion to dementia [14, 41] . Whether such saccades execution abnormalities can be used at the individual level as a diagnosis and prognosis biomarker (conversion to dementia) in aMCI remains to be further explored in large prospective cohorts.
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This work was supported by a French Gov. Ministry of Health grant (PHRC#CHUBX 2011/22) Authors' disclosures available online (https://www.j-alz.com/manuscript-disclosures/18-0082r2). Graph B displays the proportion of valid saccades. The aMCI group returned a lower portion of valid saccades (p = 0.022). The average gap latencies appear on plot C, none of the group differences were statistically significant. The right column of plots (D, E, F) depicts the corresponding outcome measures for the step task, Gain, Proportion of valid saccades, and mean latencies. The AD group displayed a lower portion of valid saccades than the aMCI group (p = 0.04). No other statistically reliable group differences were detected. The whiskers in each plot represent one standard error of the mean. AD, Alzheimer's disease; C, Control, aMCI, prodromal Alzheimer's disease. Fig. 2 . Latency probability densities, latency models, and bootstrapped standard error distributions for the manual analysis of the side-gaze, step and anti-saccade tasks. Plots A, E, and I display Gaussian-kernel smoothed latency density functions for each group, across each task, respectively. The gap and step density functions are faster and more compact than the antisaccade densities. Plots B, F, and J depict the probability density functions of the best-fit lognormal model for each group's latency distribution, across the three tasks. The relative ordering and spacing in the peak heights of the lognormal model modes tend to mirror the observed pattern of group differences in each task. The right column displays the bootstrapped standard error distributions of the lognormal MU and Sigma parameters that formed the basis of each Z-test described in the text (C, D, G, H, K, L). A lognormal is equivalent to a Gaussian on a logarithmic scale, so the MU and Sigma latency parameters are depicted in natural log units. The slower, more variable aMCI and AD latencies are largely consistent with previous anti-saccade reports. The more sensitive bootstrapping techniques also revealed a tendency for the AD group to express faster gap and step performances than C or aMCI, with variability comparable to C. AD, Alzheimer's disease; C, Control, aMCI, prodromal Alzheimer's disease. Fig. 3 . Antisaccades errors and self-corrections. The auto-coded anti saccade error percentages are presented by group in bar graph A. the significant differences between the controls (C) and aMCI group and the aMCI from mild Alzheimer's disease (AD), indicate an association of antisaccade errors with disease progression. Graph B depicts the manually coded self-corrected antisaccades. In this case only the AD group expressed significantly more anti-saccade self-corrects than the C and aMCI groups, taken together. Plot C displays the bootstrapped standard error distributions of the latencies for the manually coded error trials. The AD group produced reliably faster errors than the aMCI group. The control group only produced 21 errors, which explains the basis for the comparably broad standard error distribution. 
